We have used positron emission tomography (PET) to study the functional anatomy of the repetition of a prelearned sequence of horizontal saccadic eye movements. Five subjects had to memorize a sequence of six successive horizontal saccades. The subjects were scanned in total darkness under three different conditions: at rest, during the execution of self-paced horizontal saccades, and while repeating a prelearned saccades sequence. The repetition of the prelearned saccades sequence led to specific normalized regional cerebral blood flow (NrCBF) increases at the depth of the superior frontal sulcus as well as at the rostral part of the supplementary motor area, whereas at the parietal level an important activation was observed in the intraparietal sulcus extending up to the precuneus. In addition, it was noticed that compared with the resting control condition, both oculomotor tasks activated a common set of cortical and subcortical areas. At the cortical level, this network was composed of the frontal eye fields, the supplementary eye fields, the median part of the cingulate gyrus, and the insula. At the subcortical level, the lenticular nucleus and the thalamus as well as the cerebellar vermis were activated consistently. A direct comparison of our results with those of other PET studies on spatial vision suggests that the dorsal visuospatial pathway could be extended toward the frontal premotor region. In such a scheme, visuospatial information computed in the intraparietal sulcus would be transmitted to the frontal premotor cortex to optimize a spatial-oriented behavior. This is consistent with the early proposal that perceptual and intentional components of spatial information are mediated through superior parietal and frontal areas, respectively.
We have used positron emission tomography (PET) to study the functional anatomy of the repetition of a prelearned sequence of horizontal saccadic eye movements. Five subjects had to memorize a sequence of six successive horizontal saccades. The subjects were scanned in total darkness under three different conditions: at rest, during the execution of self-paced horizontal saccades, and while repeating a prelearned saccades sequence. The repetition of the prelearned saccades sequence led to specific normalized regional cerebral blood flow (NrCBF) increases at the depth of the superior frontal sulcus as well as at the rostral part of the supplementary motor area, whereas at the parietal level an important activation was observed in the intraparietal sulcus extending up to the precuneus. In addition, it was noticed that compared with the resting control condition, both oculomotor tasks activated a common set of cortical and subcortical areas. At the cortical level, this network was composed of the frontal eye fields, the supplementary eye fields, the median part of the cingulate gyrus, and the insula. At the subcortical level, the lenticular nucleus and the thalamus as well as the cerebellar vermis were activated consistently. A direct comparison of our results with those of other PET studies on spatial vision suggests that the dorsal visuospatial pathway could be extended toward the frontal premotor region. In such a scheme, visuospatial information computed in the intraparietal sulcus would be transmitted to the frontal premotor cortex to optimize a spatial-oriented behavior. This is consistent with the early proposal that perceptual and intentional components of spatial information are mediated through superior parietal and frontal areas, respectively.
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Visual processing in the cerebral cortex proceeds through multiple visual areas into a dorsal pathway responsible for spatial vision and into a ventral pathway responsible for object vision (for review, see Ungerleider and Haxby, 1994) . How information coming from the various cortical areas is combined to generate perception and action remains unclear. According to Fuster (1995) , the neural process of transition from perception to action may be relatively simple if both perception and action are simple and if the first leads directly to the second. If behavior contains contingencies between perception and actions that are separate in time, then the processing must include mechanisms to mediate these contingencies. Thus, the cortex must have the means to translate perception into action across time. It must represent a long and perhaps imprecise sequence of behavior, and it must monitor the sequence during its execution.
The investigation of visually guided saccadic eye movements offers an opportunity to examine this issue, because information about object identity and spatial location has to be combined to produce accurate eye movements.
Reflexive visually guided saccades triggered externally by the appearance of a peripheral visual target represent a model of a simple transition from perception to action. Several studies using positron emission tomography (PET) in healthy humans have described cortical and subcortical regions activated during the execution of reflexive visually guided saccades (Fox et al., 1985a,b; Paus et al., 1993; Anderson et al., 1994; O'Driscoll et al., 1995; Sweeney et al., 1996) .
By contrast, a memory-guided saccade is triggered to drive the fovea into a memorized position where a visual target had appeared previously. Several cerebral processes are required to mediate the contingencies between perception and action to perform an accurate saccade (Pierrot-Deseilligny et al., 1995) . The position of the visual target has to be encoded, remembered, and transformed into an intentional saccade vector in the retinotopic coordinate system. Previous PET studies of memory-guided saccades have focused on localizing brain structures involved in the generation of single memorized saccades (Miezin et al., 1992; Anderson et al., 1994; Nakashima et al., 1994; O'Sullivan et al., 1995; Sweeney et al., 1996) . Interestingly, they have shown that the generation of such memorized saccades involved cortical and subcortical structures similar to those observed during the execution of visually guided saccades.
In a preliminary study (Berthoz et al., 1992) using the PET technique, we observed that the repetition of a prelearned sequence of horizontal saccades, as compared with the fixation of an imagined central point, led to specific activations in the superior parietal cortex and in the dorsolateral part of the superior frontal gyrus added to a set of cortical and subcortical regions also involved in the execution of self-paced horizontal saccades (Petit et al., 1993; Lang et al., 1994) . This latter set comprised the frontal and supplementary eye fields (SEFs), the median cingulate gyrus, the lenticular nucleus, the thalamus, and the cerebellar vermis. Because continuous fixation produces activation of a frontocingulate network (Anderson et al., 1994; Petit et al., 1995) , we have reconsidered our preliminary study of a prelearned sequence of horizontal saccades as compared with both a resting control condition and a self-paced saccadic task (Petit et al., 1993; Lang et al., 1994) . In addition to the classical intersubject averaging approach, individual images of regional cerebral blood flow (rCBF) differences were analyzed with a detection software, Hierarchical MultiScaling Detection (HMSD), capable of detecting activation, location, and extension in single subjects (Poline and Mazoyer, 1994) . This paired data analysis [statistical parametric maps (SPMs) and HMSD], using intersubject averaging and individual functional anatomy, has provided a powerful approach to the segregation of functional areas within accurate anatomical structures .
MATERIALS AND METHODS Subjects
Five right-handed healthy French male students (S1-S5), 21-27 years old, participated in this study. All were free of nervous disease or injury, and there was no abnormality on their T1-weighted high-resolution magnetic resonance images (MRIs). Informed written consent for each study was obtained from each subject after the procedures had been fully explained. Approval of these experiments was given by an Ethics Committee.
Experimental protocol
Using 15 O-labeled water, we made six sequential PET measurements of the rCBF of each subject, replicating a series of three different experimental conditions. In the baseline control condition ( Fig. 1, top; REST), instructions were to relax, to keep eyes open, and to avoid eye movements. In the first active condition ( Fig. 1, middle ; SAC), subjects were asked to execute self-paced voluntary horizontal saccades at both maximal amplitude and frequency, with the task started 45 sec before the injection and pursued during the entire data acquisition period (2 min). This task was similar to the one we used in a previous study (Petit et al., 1993) . The second active condition ( Fig. 1, bottom ; SEQ) consisted of the repetition of a prelearned sequence of horizontal saccades (Israël et al., 1993) . In the SEQ condition, a sequence of five successive horizontal positions on an array of light-emitting diodes was presented 2 min before the 15 O-labeled water injection. The visual target appeared first at the primary central eye position, i.e., a central fixation point, and remained there for 3 sec. The target then jumped to five consecutive different eccentric positions on the horizontal axis. The subject was requested to track the target, which stayed 2 sec at each position. After the last position was shown, the target jumped back to the primary central position where the subject had to follow it. The target positions were allocated 5Њ, 10Њ, and 15Њ on either side of the primary central position. Each sequence presentation was repeated five times to enable the subject to memorize it. During the measurement of the normalized rCBF (NrCBF), the subject had to repeat this sequence of six saccades as accurately as possible while trying to follow the initial rhythm of the sequence. Two different horizontal saccade sequences were used with each subject.
The tasks were performed in the following order: REST, SAC, SEQ, REST, SAC, SEQ. A black chamber was set up around the PET tomograph, the horizontal target bar, and the subject so that all PET measures were done in total darkness. The horizontal target bar was located at the back of the PET tomograph, and the subjects could see the targets with the help of a mirror placed in front of their eyes. Horizontal electrooculograms (EOG) were recorded for each subject, with external electrodes placed at the external canthi and also a right ear reference electrode, to ascertain that the requested eye movements were executed correctly (Fig. 1) .
Data acquisition
For each rCBF measurement, 31 contiguous brain slices were acquired simultaneously on an ECAT 953B/31 PET camera giving an in-plane resolution of 5 mm (Mazoyer et al., 1991) . Emission data were acquired with septa extended. After the intravenous bolus injection of 80 mCi of 15 O-labeled water, a single 80 sec scan was reconstructed (including a correction for head attenuation using a measured transmission scan) with a Hanning filter of 0.5 mm Ϫ1 and displayed with a pixel size of 1.956 ϫ 1.956 mm 2 . The interscans time interval was 15 min. In addition to the PET data, a series of axial and sagittal 3-mm-thick T1-weighted highresolution MRIs covering the whole brain were acquired for each subject on a 0.5 T GE-MRMAX imager.
Data analysis
The data were analyzed for the group of five subjects through intersubject averaging and also for each individual subject separately. The group Figure 1 . Sample of horizontal EOG recordings in one subject (S5) during the three conditions. E, Eye movements; T, target position along a horizontal axis; R, right; L, left.
analysis provided information about averaged regional changes in the distribution of relative blood flow. The individual analysis provided information relevant to the investigation of structure-function relationships and their individual variability. As a preprocessing step, the Automated Image Registration package was used to perform individual PET-PET (Woods et al., 1992) and PET-MRI registrations (Woods et al., 1993) .
SPMs. SPMs of the t statistics corresponding to comparison of SEQ, SAC, and REST tasks were tested with the three-dimensional (3-D) version of SPM (Friston, 1995) . The original brain images were transformed into the standard stereotactic Talairach space (Talairach and Tournoux, 1988) . Global differences in the CBF within and between subjects were covaried out, and comparisons across conditions were made by way of t statistics (Friston et al., , 1994 . The Z volume is projected in three orthogonal directions, sagittal, coronal, and transverse, and the threshold was set at Z ϭ 3.1 (p Ͻ 0.001, not corrected for multiple comparisons). The experimental protocol was designed to use successively each one of the REST and SAC tasks as a reference condition. Thus, significant increases, as compared with the resting control condition (SAC vs REST, SEQ vs REST), uncovered the activation attributable to either common oculomotor processing shared by both tasks or to operations specific to the execution of self-paced or prelearned saccades sequences. Significant differences between saccadic tasks (SEQ vs SAC) then indicated the areas that were specifically involved in the execution of prelearned sequences of saccades. The coordinates and the spatial extent in the stereotactic space of activated areas are given in Tables 1-3 .
Single-case analysis (HMSD analysis) . The data were also processed using a software capable of detecting activation, location, and extension in single subjects. This method, HMSD, has been detailed extensively in a previous publication (Poline and Mazoyer, 1994) . Briefly, it is based on a hierarchical description of the PET difference image into connected objects. This description is performed for different image resolutions, with a multiscale filtering strategy. At each resolution, the probabilities of occurrence of connected objects are assessed by testing their size and amplitude simultaneously with respect to a Monte Carlo-derived bidimensional frequency distribution established under the null hypothesis, an iterative procedure used to control the overall type I error. Once an object is labeled as significant, it is removed from the currently processed image by setting every one of its voxels to the smallest value. This procedure avoids having an object that is detected at a high-resolution scale also detected at a lower one and thus leads to a better object spatial delimitation. The HMSD detection algorithm was applied to the individual NrCBF difference images averaged across the two replicates. The significance level was set at 0.2 per plane after a Bonferroni correction. This somewhat permissive threshold was chosen because the HMSD approach was used in the present study only to obtain additional information on the exact locations of the activated foci detected by the SPM software rather than as a detection software per se. The statistical threshold applied to each cluster defined by the hierarchical description was assessed by estimating first the number of voxels composing the gray matter in each plane of the brain and then the number of independent comparisons made in the Bonferroni correction.
An accurate localization of the objects detected with the HMSD method was made by a detailed anatomical analysis of the brain anatomy of each subject. With use of a dedicated software (Voxtool, General Electric, Buc, France), MRI axial slices were used to reconstruct a 3-D brain volume that was segmented further and thus allowed the display of the surfaces of both hemispheres together with sections in three orthogonal directions . The principal sulci were identified in the MRI of each subject (see Results). In particular, we localized the intraparietal sulcus using the following description: this sulcus originates in the postcentral sulcus and ends on the convexity delineating the lateral and medial part of the superior parietal gyrus (Eidelberg and Galaburda, 1984) .
RESULTS
We will first describe the EOG recordings used to check on the correct execution of the requested tasks and will then present the different areas activated in each task with both SPM and HMSD analyses.
EOG analysis
In four of the five subjects, EOG recordings were usable for processing. During the SAC condition, the subjects, in total darkness, executed maximum large-amplitude, voluntary, self-paced horizontal saccades that were symmetric with respect to the primary eye position. The mean frequency of these saccadic eye movements was 3.0 Hz (range, 2.3-4.5 Hz). The mean amplitude of saccades was 36Њ (range, 31-41Њ), with respect to the primary central eye position.
The execution of the SEQ condition has been analyzed extensively in a previous study with other human subjects (Israël et al., 1993) . In the present work, the detailed study of the EOG recordings shows that all of the subjects executed one type of sequence, always the same during one condition, even when at times it was not exactly the sequence they had been asked to memorize. Figure  2 presents both the saccades sequences that the subjects had to memorize and the averaged sequences they executed during the PET data acquisition period. All executed sequences were hypermetrical. For three of the four analyzed subjects, the averaged number of executed sequences of saccades was 13.5 per rCBF data acquisition (range, 9 -16), with an averaged duration ranging from 5.8 to 8.6 sec. In addition, as illustrated in Figure 2 , subject S4 executed a sequence with only four memorized saccades, which led him to execute a greater number of sequences (48 for sequence 1, 31 for sequence 2) with a shorter averaged duration (1.8 sec and 3.4 sec, respectively). Therefore, all of the four subjects executed horizontal saccades at an averaged frequency of 0.9 Hz (range, 0.5-1.8 Hz).
To summarize, once in total darkness, each subject repeated a sequence of large saccades, always the same, during the 2 min of the PET data acquisition.
SPM analysis
Results obtained with the SPM analysis are illustrated in Figure 3 , and Tables 1-3 show the characteristics of the regions activated with their spatial extent and peak value. The data set for the five subjects extended from 20 mm below the anterior commissureposterior commissure (AC-PC) line to 52 mm above it. The foci of activation are detailed below for the following comparisons: SEQ versus REST, SAC versus REST, SEQ versus SAC.
SEQ versus REST (Table 1)
When the repetition of prelearned saccades sequences was compared directly with the REST condition, we noticed a significant increase of the NrCBF in the medial part of the superior frontal gyrus, at the level of the supplementary motor area (SMA), corresponding to the SEF activation (6.6%). In addition, a strong activation was observed in the median cingulate gyrus (7.6%). A significant bilateral activation was also noticed in the precentral gyrus, which corresponds to the frontal eye field (FEF) activation (left, 5.5%; right, 4.2%). The latter was symmetrical, with a maximum positioned at 40 mm above the AC-PC line on both the right and left hemispheres. The strongest significant activation was located at the depth of the right superior frontal sulcus (9.0%), close to the precentral sulcus, with a maximum voxel clearly distinct from those observed in the precentral gyrus. At the parietal level, bilateral significant activation was detected in the superior parietal gyrus, close to the intraparietal sulcus (left, 6.9%; right, 5.0%) and the precuneus (8.4%). A consistent activation was also observed in the left insula (5.0%). At the subcortical level, one could notice a significant and bilateral increase of the lenticular nucleus, centered on the putamen (left, 4.3%; right, 5.4%). Finally, a significant activation of the cerebellar vermis (6.7%) extending over the adjacent right cerebellar cortex (4.3%) was also observed.
Part of the areas activated by the repetition of prelearned saccades sequences was also activated during the execution of selfpaced horizontal saccades, as compared with the REST condition. There was a significant NrCBF increase in the SEF (6.6%), as well as in the median cingulate gyrus (6.1%). An extensive and significant activation of the FEF (left, 7.9%; right, 4.8%) was also observed at the level of the precentral gyrus. Such a precentral activation was quite asymmetrical, with a maximum positioned at 40 mm to the right and 44 mm to the left, above the AC-PC line. A weaker activation was also observed in the right insula (3.2%). At subcortical level, a significant and bilateral increase was noted at the level of the lenticular nucleus centered on the putamen (left, 4.1%; right, 3.8%), as well as an activation of the right thalamus (3.7%). Finally, a significant activation of the cerebellar vermis (6.1%) was also observed. These results, observed previously in similar comparisons (Petit et al., 1993; Lang et al., 1994) , allowed us to consider the SAC condition as a reference task in a third comparison designed to specify activated areas related to the performance of prelearned saccades sequences.
SEQ versus SAC (Table 3)
When the repetition of prelearned saccades sequences was compared with the execution of self-paced saccades, there was a Data, derived from all five subjects, are local maxima detected with the three-dimensional version of SPM for each comparison. Uncorrected significance level was set at p Ͻ 0.001 (Z score Ͼ3.1 for n ϭ 10). The percentage change in normalized rCBF (NrCBF) is given at each local maximum in ml per 100 mg/min (rCBF values were analysis of covariance-adjusted to grand global mean flow and then ratio-adjusted to global mean flow of 50). significant NrCBF increase at the level of the SMA (4.2%), with a maximum peak value clearly rostral to that observed in the above-mentioned comparisons. At the frontal level, there was also a bilateral, significant NrCBF increase in the depth of the superior frontal sulcus (left, 7.2%; right, 6.0%) close to the precentral sulcus. At the parietal level, bilateral significant activations were found in the superior parietal gyrus close to the intraparietal sulcus (left, 6.6%; right, 5.2%). The precuneus was also strongly activated (7.7%).
No significant difference between the two saccade tasks was observed at the level of the basal ganglia or the cerebellum.
To summarize, the SPM data analysis permitted distinction of a set of cortical and subcortical activations during both the repetition of prelearned saccades sequences and the execution of self-paced saccades. At the cortical level, this network was composed of the SEF, the median part of the cingulate gyrus, the FEF, and the insula. At the subcortical level, the lenticular nucleus (putamen and globus pallidus) and the thalamus were consistently activated, as was the cerebellar vermis. In addition, the execution of prelearned saccades sequences led to specific NrCBF increases in the depth of the superior frontal sulcus as well as in the rostral part of the SMA, whereas at the parietal level, an important activation was observed in the intraparietal sulcus extending to the precuneus.
HMSD analysis
An analysis of the data obtained with each subject by the HMSD method allowed us to define in more detail the anatomy of activated areas. Figures 4 and 5 show the detailed anatomical analysis for four subjects where the activated sulcal areas are clearly visible when the repetition of prelearned saccades sequences was compared directly with the resting control condition. The detected activations were superimposed on the corresponding axial MRI slice after sulcal identification.
SEQ versus REST (Table 4)
Activations detected in the parietal cortex were centered mainly in the posterior part of the intraparietal sulcus, in the area located between the medial and the lateral part of the superior parietal gyrus. Subjects S2 and S3 showed an extensive bilateral activation along the whole of the intraparietal sulcus and up to the supramarginal gyrus.
Considering the averaged results, no significant activation could be detected in the left precuneus during the performance of a prelearned saccades sequence when compared with REST. The individual analysis, however, showed that four of the subjects presented a left precuneus activation (Table 4) . Regarding their distribution, these detected activations of the precuneus appeared as an extension of the detected activation centered at the depth of the intraparietal sulcus (Figs. 4, 5) .
In the case of three subjects, significant activations were detected in the depth of the superior frontal sulcus. In subjects S1, S2, and S5, the superior frontal activations were close to the anastomosis between the superior frontal sulcus and the precentral sulcus, whereas subject S3 showed a more anterior and superior frontal sulcus activation. Nevertheless, the superior frontal activation is different from the more caudal precentral gyrus activation. As illustrated in Figure 4 , subjects S1 and S2 clearly showed a distinct precentral and superior frontal activation during SEQ versus REST comparison.
With all subjects, we detected significant activations in the medial wall of the superior frontal gyrus corresponding to the SEF activation. Similarly, a median cingulate activation was observed in the case of all subjects (Table 4 ). All of these median activations were symmetrical, and each median cingulate activation was underlying that observed at the SEF level. In three of the five subjects, the significant activations detected bilaterally in the precentral gyrus corresponded to the FEF activation; they overlapped the precentral gyrus 42 mm above the bicommissural plane.
Additional cortical activations were detected in the left insular cortex with four subjects (S1, S3, S4, S5) in the SEQ versus REST comparison, whereas right insular activated areas were observed with subjects S1 and S5. All of these insular activations were located in the anterior part of the insula at the level of the vertical AC line. At the subcortical level, significant activations were detected in the lenticular nucleus as well as in the thalamus (Table 4) . Activations overlapping both the putamen and the globus pallidus were observed in the SEQ versus REST difference in the right (S1 and S2) and the left (S1 and S5) hemisphere. Thalamic activations were also detected bilaterally with subject S1. . HMSD results for subjects S1 and S2 when the repetition of prelearned saccades sequences was compared directly with the resting control condition. After alignment of the MRI and PET volumes in the same coordinates space, the different detected objects are superimposed on their corresponding axial MRI slice for each subject. A detailed anatomical analysis after sulcal identification allows accurate localization of these activations. Superior frontal sulcus (yellow); intraparietal sulcus (white); Ro, Rolandic sulcus; Pr, precentral sulcus; Po, postcentral sulcus; R, right; L, left; AC-PC ϩx mm, axial plane x mm above the bicommissural plane. Details of the detected objects are given in Results.
Finally, large detected activations centered on the cerebellar vermis were also observed in three of the subjects (S1, S2, S5) in the SEQ versus REST comparison.
SAC versus REST (Table 4)
A part of the detected activation related to the repetition of prelearned saccades sequences was also detected during the execution of self-paced horizontal saccades as compared with the REST condition.
In all subjects, significant symmetrical activations were detected in the medial wall of the superior frontal gyrus corresponding to the SEF activation. A median cingulate activation underlying that observed at the SEF level was also observed, except for subject S1 (Table 4 ). In four of the five subjects, significant activations were detected bilaterally in the precentral gyrus 42 mm above the bicommissural plane, and they corresponded to the FEF activation.
In the SAC versus REST comparison, insular activations, located in the anterior part of the insula, were also detected in the left (S1, S3, S5) and right (S2) hemispheres.
At the subcortical level, of the five subjects, S2, S3, and S4 showed a right lenticular activation, and S3 and S5 showed a left one. All of these activations overlapped both the putamen and the globus pallidus. In addition, a bilateral thalamic activation was observed with subject S5.
Finally, subjects S2, S3, and S5 showed a symmetrical cerebellar vermis activation in the SAC versus REST comparison.
SEQ versus SAC (Table 4)
When the repetition of prelearned saccades sequences was compared with the execution of self-paced saccades, subjects S1 and S2 showed a medial wall activation located more rostrally than the activations observed in the above-mentioned comparisons. Significant activations were also detected in the depth of the superior frontal sulcus, bilaterally with subjects S1 and S5. These superior frontal activations were close to the anastomosis between the superior frontal sulcus and the precentral sulcus. As indicated in Table 4 , no precentral activation was detected when the performance of prelearned saccades sequence was compared with the self-paced saccades execution, whereas the superior frontal sulcus activation was still present. Thus, the superior frontal activation is different from the more caudal precentral gyrus activation.
At the parietal level, bilateral activations centered in the posterior part of the intraparietal sulcus were detected in at least four of the five subjects in the SEQ versus SAC comparison. As mentioned above, the significant activations detected bilaterally in the precuneus in four of the five subjects (Table 4) corresponded to the extension of the detected activation centered at the depth of the intraparietal sulcus.
Additional left (S1, S2, S5) and right (S3) insular activation were also detected. At the subcortical level, subject S1 showed a left lenticular and a bilateral thalamic activation when the prelearned saccades sequences was compared with the execution of self-paced saccades.
To summarize, present individual results support the averaged results of a common set of cortical and subcortical areas activated during both the repetition of prelearned saccades sequences and the execution of self-paced saccades as compared with the resting control condition (SEQ vs REST, SAC vs REST; Table 4 ). In addition, individual results were of special interest with regard to the activations of specific prelearned saccades sequences within both the superior frontal and the intraparietal sulci.
DISCUSSION

Task execution
Both the mean amplitude and the frequency of the execution of self-paced horizontal saccades were similar to those described previously (Petit et al., 1993; Lang et al., 1994) .
Regarding the repetition of prelearned saccades sequences, the analysis of EOG recordings showed that all subjects executed one sequence only, and always the same one, during all of the NrCBF measures. In most cases, this sequence was similar to the requested one with regard to both timing and direction of saccades; however, saccades were generally hypermetrical and the mean duration of the sequence was shorter than requested. Hypermetry of memorized saccades executed in total darkness was noted previously in humans (Becker and Fuchs, 1969; Körner, 1975; Zingale and Kowler, 1987; Israël, 1992) but remains unexplained. Becker and Klein (1973) have offered two suggestions to account for this hypermetry: (1) the larger the saccades, the better the subject's ability to perceive the change of the eye position in darkness, and (2) in natural circumstances, the only nonvisually guided saccades are those directed toward nonidentified peripheral stimuli outside the visual field, resulting in very large saccades.
In any case, EOG recordings during the repetition of prelearned saccades sequences seem to indicate that the memorization action concerned the saccadic and sequential movements rather than the exact end-position of the targets.
A parietofrontal spatial vision system
The main result of the present study is that the repetition of a prelearned sequence of saccades in total darkness leads specifically to a bilateral activation at the depth of both intraparietal and superior frontal sulci as well as at the rostral part of the SEF, added to the set of cortical and subcortical activations described previously during the execution of horizontal saccades (Paus et al., 1993; Petit et al., 1993; Lang et al., 1994; Anderson et al., 1994; O'Sullivan et al., 1995; Sweeney et al., 1996) .
Intraparietal sulcus
The repetition in total darkness of a prelearned sequence of horizontal saccades leads to a bilateral increase at the depth of the intraparietal sulcus extending toward both the lateral and the medial superior parietal cortex, i.e., the superior parietal gyrus and the precuneus, respectively. It has long been proposed that the superior parietal cortex comprising the intraparietal sulcus plays an important part in the treatment of saccades oriented toward a visual target. The neurologist Rudolf Balint was the first to describe a patient suffering from a bilateral posterior parietal lesion underlying deficiencies in the eye movements (Balint, 1909) . This patient showed an inability to execute voluntary saccades, whereas the execution of spontaneous saccades was not affected in any way. Since this pioneering study, numerous examples of deficiencies in voluntary saccades aimed at visual targets after biparietal lesions have been reported in clinical literature. Unilateral lesions often result in attention and spatial deficiencies limited to the contralateral space and sometimes can also lead to a deficit in eye movements. Numerous works have confirmed the importance of the integrity of the superior parietal cortex in the execution of visually guided voluntary saccades and the orientation of attention (Holmes, 1938; Hecaen and De Ajuriaguerra, 1954; Luria et al., 1963; Rondot and De Recondo, 1974) . Particular notice has been taken of an increase of latency and a loss of accuracy in visually guided (Pierrot-Deseilligny et al., 1987 , 1988 , 1991a or memorized (Pierrot-Deseilligny et al., 1991b) saccades in patients suffering from lesions of the superior parietal cortex.
Single-cell recording experiments in the monkey led to a better understanding of the exact role played by the superior parietal cortex in the production of saccades. The results of these studies have suggested that the functional role of the superior parietal cortex involves the programming of saccades based on sensory information (for review, see Andersen and Gnadt, 1989) . Another important finding was the discovery of an area located at the depth of the intraparietal sulcus, the lateral intraparietal region (LIP), which seems to be connected more particularly with saccadic movements (Shibutani et al., 1984; Gnadt and Andersen, 1988) . In particular, LIP neurons have shown a strong tonic activity representing the signal coding for the planning of a memorized saccade (Gnadt and Andersen, 1988) . The temporal relationship of the activity of these neurons to animal behavior has suggested that the activity of these neurons represents the intention of making a saccade within a given direction and at a given amplitude (Duhamel et al., 1992) .
In the present study, the HMSD analysis supplied the first evidence of an accurate localization of activations at the depth of the intraparietal sulcus (Figs. 4, 5) , although the present limited spatial resolution of our PET tomograph did not permit the observation of an intraparietal activation more specifically localized on the lateral bank of this sulcus. Anderson et al. (1994) recently described a bilateral activation of the superior parietal cortex, medial to the intraparietal sulcus, resulting from the execution of both visually and memory-guided saccades. On the contrary, previous PET studies on eye movements have not shown any parietal activation during the execution of self-paced voluntary saccades (Petit et al., 1993; Lang et al., 1994) or during the motor imagery of saccades (Lang et al., 1994) , i.e., when the saccadic eye movements were not sensory-guided.
In summary, the fact that the intraparietal activation was observed only during the execution of saccades set on the basis of either internally or externally cued visual targets confirms the crucial role of this structure in the coding of this type of movement. More specifically, as shown previously with the monkey (Barash et al., 1991) , these findings may suggest that the intraparietal sulcus in human subjects plays a role in higher level processes related to planning of saccades rather than to the control of the execution of such movements.
Superior frontal sulcus
A bilateral activation at the depth of the superior frontal sulcus was noticed during the execution of prelearned saccades sequences. The location of such an activation, anatomically identified in each subject in front of the precentral gyrus, overlaps Brodmann's areas 6 and 8, which makes a designation of prefrontal or premotor cortex difficult. With regard to the localization of the NrCBF maximum increases, the activation of the superior frontal sulcus differs from that of the precentral gyrus and therefore cannot be attributed to an extension of the activity of the FEF (see below). In addition, a similar superior frontal activation was not detected during the execution of other types of saccades (Fox et al., 1985a; Petit et al., 1993; Anderson et al., 1994; Lang et al., 1994; O'Sullivan et al., 1995; Sweeney et al., 1996) .
Other PET studies, however, described superior frontal areas close to the superior frontal sulcus activations observed in the present study. According to Passingham (1988) , such a cortical region acts after the current situation determined by both the sensory information still available and the information still present in the task memory. A recent PET study demonstrated that working memory in the frontal lobe of humans, like that of the monkey, is functionally segregated, with a dorsal region for spatial location and more ventral regions for object identity (Courtney et al., in press ). Interestingly, the dorsal frontal area activated by spatial working memory was in the superior frontal sulcus. The same superior frontal activation has been seen in several different studies of spatial working memory (Jonides et al., 1993; Haxby et al., 1994) . Moreover, Mellet et al. (1995) recently described a bilateral superior frontal sulcus activation when subjects had to construct mental images of 3-D cube assemblies on the basis of auditorily presented directional words. In our protocol, the prelearned task undoubtedly has a mnemonic component similar to spatial working memory. Consequently, the superior frontal activation in the current study clearly can be attributed to the need for maintaining an internal representation of spatial information, i.e., an activation of motor memory as defined by Fuster (1995) . Although the designation of prefrontal or premotor cortex remains ambiguous, what is clear is that such a region at the depth of the superior frontal sulcus can be defined functionally as spatial working-memory area.
The dorsal spatial vision pathway
Several PET studies examining other spatial vision tasks identified superior parietal and frontal activations associated with spatial shift of attention (Corbetta et al., 1993 (Corbetta et al., , 1995 , working memory for visuospatial location (Jonides et al., 1993; Courtney et al., in press) , and object location matching (Haxby et al., 1991 . Other recent PET studies have described both superior parietal and frontal activations either during a complex visuospatial cognitive task, i.e., a perceptual maze test (Ghatan et al., 1995) , or during a verbally guided construction of 3-D mental objects (Mellet et al., 1995) . These other superior parietal and frontal activations are in close proximity to the areas activated in the present study by prelearned saccades sequence execution.
Initially described in the monkey (Mishkin et al., 1983) , and later with PET in humans (Haxby et al., 1991) , the dorsal vision pathway is constituted by functional areas involved in the spatial processing of visual information linking the extrastriate visual areas to the superior parietal cortex. The PET studies mentioned above have accumulated evidence demonstrating that the intraparietal sulcus represents the superior parietal component of such a dorsal stream, whereas the superior frontal sulcus represents the frontal part. This is consistent with the early proposal that perceptual and intentional components of spatial information are mediated through superior parietal and frontal areas, respectively (Mesulam, 1981 (Mesulam, , 1990 .
SEFs
An NrCBF increase related to the SEF activation was noticed at the level of the supplementary motor area during the repetition of prelearned saccades sequences as well as during the execution of self-paced saccades. These findings confirmed the data obtained in previous PET studies on saccadic eye movements (Fox et al., 1985a; Petit et al., 1993; Anderson et al., 1994; Lang et al., 1994) . Electrophysiological studies on the monkey have initially described and defined these SEFs and have shown their role in the control of the saccade (Schlag and Schlag-Rey, 1987; Huerta and Kaas, 1990) , especially during a memorized oculomotor task (Mann et al., 1988) . Gaymard et al. (1990 Gaymard et al. ( , 1993 studied patients suffering from a lesion of the left SMA and showed that the execution of memorized sequences of two or three saccades was severely affected, whichever the stimulated visual hemifield. Our results agree with these clinical studies that show the leading role of the SEF in the execution of prelearned saccades sequences. In addition, another sort of deficiency related to lesions of the SMA has been observed in the duplicating of the rhythm of a movement, primarily if the patients had to execute alternating movements with both hands (Halsband et al., 1993) . These patients did not suffer from any deficiency of their skill or of their rhythm discrimination. In our study, the duplicating of a prelearned saccades sequence for 2 min creates a strong rhythmic element that could explain partly the stronger SEF activation during such an oculomotor task. In addition, the subjects were instructed to reproduce the prelearned sequence while respecting as much as possible the rhythm of the initial presentation of the visual targets. This rhythmic element is also present during the execution of voluntary saccades in a simpler form, because the requirement is for simple right to left sweeping movements without visual information processing (Petit et al., 1993; Lang et al., 1994) . We noticed particularly a stronger NrCBF increase in the SEF during the execution of prelearned saccades sequences than during the execution of self-paced saccades. In addition, the comparison between both oculomotor tasks (SEQ vs SAC) allowed us to localize a maximum peak value more rostrally than those observed in the comparisons between each oculomotor task and the resting control condition. Electro-physiological findings have provided sufficient evidence that two separate motor areas exist in the SMA traditionally defined as a single motor area corresponding to the medial part of Brodmann's area 6 (for review, see Tanji, 1994) . The term of pre-SMA has been proposed for the rostral part of the SMA in which the monkey abundant cue and trigger signal-locked neuronal responses have been described, indicating that the pre-SMA has access to visual information more readily than the SMA (Matsuzaka et al., 1992; Shima and Tanji, 1994) . In contrast, the caudal part of the SMA or the SMA proper is closely connected with the primary motor cortex and the spinal cord (Tanji, 1994) . Using the PET technique, Deiber et al. (1991) investigated the question of which cortical areas were active during movement selection in humans. The rostral part of the SMA differed in activity depending on how the selection was made, whereas the caudal part was similarly active under different motor conditions (Deiber et al., 1991) . Stephan et al. (1995) recently confirmed such a functional rostrocaudal distinction in the SMA, with the AC line serving as a border between the pre-SMA and the SMA. By analogy with the skeleton motor system, we propose the term of pre-SEF to describe the rostral part of the traditionally defined SEF involved specifically in the selection and control of prelearned saccadic eye movements, i.e., during the execution of saccades guided by visuospatial data that are used for remembering and reproducing the movement. In terms of both preparation and execution of movement, these observations also support an analogy between the SEF proper and the SMA proper.
A general network of saccadic eye movements
The repetition of prelearned saccades sequences as well as the execution of self-paced horizontal saccades, both in total darkness, led to the activation of a common set of cortical and subcortical areas that were described previously in either similar self-paced saccade studies (Petit et al., 1993; Lang et al., 1994) or other previous sensory-guided saccade studies (Fox et al., 1985a,b; Paus et al., 1993; Anderson et al., 1994; Nakashima et al., 1994; O'Driscoll et al., 1995 , O'Sullivan et al., 1995 Sweeney et al., 1996) . Thus, these findings endorsed the idea that a common network of cortical and subcortical regions is generally activated in the performance of saccadic eye movements. The three main components of the frontocingulate part of this network should be the FEF, the SEF, and the median part of the cingulate gyrus underlying the SEF. To this cortical network, one should add a consistent involvement of subcortical structures such as the lenticular nucleus and the thalamus, which would indicate that saccadic eye movements could be under the control of the motor gangliothalamocortical loop (Alexander et al., 1986) . Finally, the cerebellar vermis should constitute the last structure involved, whatever the executed saccades.
Depending on the subject, either left-or right-hand-side insular activations also were found during both the prelearned sequences and the self-paced saccades. Because of its specific detection with the HMSD analysis, this insular activation could not be attributed to a partial volume effect of the nearby lenticular nucleus activations. Previous PET studies have described similar insular activations during the performance of saccades (Petit et al., 1993; Anderson et al., 1994) and during selective visual attention (Corbetta et al., 1991) . Contralateral insula activation has also been reported during voluntary limb movements (Chollet et al., 1991; Colebatch et al., 1991) . All of these features suggest that the insula might be a secondary motor area that is activated in paced stereotyped tasks.
Finally, specific comments concerning the location of the human FEF in the precentral gyrus should be added. No ambiguity exists concerning the accurate localization of FEF in the monkey since Ferrier's pioneering studies (Ferrier, 1875 ). An overview of the studies made on the monkey leads to the same anatomical definition: the rostral part of the arcuate sulcus (for review, see Segraves, 1989, 1990) . This area, smaller than Brodmann's area 8, corresponds precisely with areas 8a and 45 of Walker's map (Walker, 1940) . Different saccade-related, fixationrelated, and more recently, pursuit-related neurons were characterized in the FEF of the monkey (Goldberg and Segraves, 1990; Gottlieb et al., 1994) . Using functional brain imaging in humans, Petit et al. (1993) proposed recently that the FEFs are located in the precentral gyrus. By analogy with the definition of FEF in monkeys, only the precentral area previously had been found to be activated in humans during both saccade-related (Paus et al., 1993; Petit et al., 1993; Anderson et al., 1994; Lang et al., 1994; Nakashima et al., 1994; O'Sullivan et al., 1995; Paus et al., 1995; Sweeney et al., 1996) and fixation-related tasks, thus confirming the location of such a functional area. In the present study, the NrCBF increase in the FEF during the execution of voluntary saccades and prelearned sequences of saccades was similar when compared with the resting control condition and showed that the activation of this region is not dependent on the type of requested saccadic movements. These two types of saccades, however, which activate the FEF in total darkness, reinforce the idea that all fully volitional saccades are preceded by FEF activation, as initially demonstrated in the monkey (Bruce and Goldberg, 1985) .
